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TESTSOFBONDEDANDRIVETEDSHEEWSTRINGERPANELS

By LeonardMordfinandI.E.WiUcs.

Testswereperfokd on21 sheet-stringerpanelsof 75S-T6aluminum
alloyhavingalcladsheetsnominally0.051inchthickandstringersnomi-

U ~ inchesapart.NtiepanelshadZ-stringersrivetedtothesheets

with5/32-inch17S-T3aluminum-alloyuniversal-headrivetsspacedatnomi-
na~ 1A-inchiIltreZ’VdS.

8
NinepanelshadI-stringersbondedtothesheets

withAralditeme I adhesive.ThreepanelshadI-stringersbondedto the
sheetswithMetlbondadhesive.

Threepanelsof eachtype,havingfivestrimgerseachandover-all
dimensionsofapproximately18by 15 inches,weretestedinaxialflat-
endcompression.ThreerivetedpanelsandthreeAralditebondedpanels
havingfivestringerseachwiththecenterstringerprotrudingbeyondthe
sheetononeendandhavingover-alldimensionsofapproximatelyI_8by
15 inchesweretestedwithloadappliedaxiallytotheprotrudingendof
thecenterstringer.ThreerivetedpanelsandthreeAmJiiitebonded
panelshavingtwostringerseachandover-aU~ensions ofapproximately
121by~ inchesweretestedinbendingwitha loadappliedat thecenter
2

ofan 8-inchspanbetweensimplesupports.AU.testswerecarriedto
failureandstrainanddeformationmeasurementsweremade.

Thetestresultsdidnotindicateanygreatsuperiori~ofone@-pe
of constructionovertheotherbutratherthatthechoiceinanygiven
casewoulddependupontheparticulardesignsbeingcompared.Theprti-
cipaladvantagesofthebondedcon”stmctionappearedtoresultfromthe
broadareaofattachmentpossiblebetweensheetandstringers.The
principaldisadvantageseemedtobe themodeoffailureinflat-end
compression.

Thetestsalsoshowedthatthescatterofresultsobtainablewith
bondedconstructionwasnotsignificantlygreaterthanthatobtainable
withrivetedconstructionandthatcleavagewasnotalwaysthegoverning
factorinthestren@h”ofbondedpanels.

——_— —————



2 NACATN 3215

INTRODUCTION{

Becauseoftherelativeeaseandeconoqywithwhichlargestructural
jointsmaybebonded,considerableinteresthascentereduponthepossi-
bili~ of substitutingadhesivesforrivetsinthefabricationof certain
aircraftstructuralcomponents.Onesuchcomponent,theflatsheet-
stringerpanel,isexceptionallywe~ suitedgeometricallytobonding.
Thedesignandselectionof suchpanels,however,arepresentlyina
dtiiousstatebecauseoftherelativelysmallamountofp~lisheddata
ontherelativemeritsofbondingandofrivetingin sheet-stringer
construction(refs.1 and2).

Thepurposeofthetivestigationreportedhereinwastoobtainaddi-
tionaldataofthiskindfromtestsperformedonbondedandonriveted
sheet-stringerpanels,andto interpretthosedata,wherepossible,in
termsof comparativestrength,stabili~,andload-distributionproperties.

ThisinvestigationwasconductedattheNationalBureauof Standards
underthesponsorshipandwiththefinancialassistanceoftheNational
AdvisoryCommitteeforAeronautics.

SPECIMENS

DesignofSpecimens
u

Itwouldappearthatthemoststraightforwardmannerofevaluating
therelativemeritsofbondingandofrivetinginsheet-stringerconstrue- ~
tionwouldbetotestspecimensWhichwerealikeineveryrespectexcept
inthemethodofattachmentofthestringersto thesheet.However,the
behaviorsofrivetedandbondedjointsunderloadaresufficientlydif-
ferentthatinorderto gainthefulladvantagesofa bondedpanelitis
notenoughmerelyto mibstituteanadhesiveforrivetsina conventionally
designedpanel.Touseidenticalstringersforboththebondedandthe
rivetedpanelswouldbe to imposea structuralpenal~upononeorthe
other. .

Itwasthereforespecifiedthatthealternatefabricationsshould
eachemploythebestpracticetoproducea panelforthesme service.
ThecontractformanufactureofthepanelswasawardedtotheConsolidated
VulteeAircraftCorp.sinceitwasexperiencedinmakingbothrivetedand
bondedpanels.Itwasagreedthatthetwosetsofpanelsshouldhave
lengths,widths,andslendernessratiosthatwereaboutequal.The
limitedavailabili~ofmaterialsandshapesmadeitimpossibleforthe
manufacturertoachievethisentirely.Itwasdecidedtoproceedwith
thebestmaterialsandshapesathandtoavoidthelengthydelaywhich
wouldotherwisehavebeennecessary.

.
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TherivetedpanelswerefabricatedwithZ-stringers,whichrequire
oriLyonerowofrivetsperstringerandwhichareusedwidelyintheair-
craftindustrybecausetheyaUow freeaccessforrivetingtools.The
mechanicalpropertiesof Z-stiffenedpanelshavebeeninvestigatedexten-
sivelyby theNACA.

Forthebondedpanelsan I-stringerwasdesignedtohavea suitable
gluingareaandto conformtotheknownpropertiesofbondedjoints.In
general,bondedjointsareaboutequallystrongin shearandtension.
(ref.3). Thepeeling,or cleavage,strengthofbondedjointsisrela-
tivelylow,however,andtheloadingofbondedjointsinpeelingor
cleavageshouldbe avoided(ref.4). Therefore,theI-stringersused
onthebondedpanelsweredesignedtominimizethetendencyofthebond
topeelbecauseofbucklingofthesheetunderload. Thisdesignwas
basedon theresultsof testsreportedinreference5 whichshowthat
anoutstandingflangeofhighstiffnessresiststwistingofthestringer
andtheaccompanyingbucklingofthesheetandanattachedflangeof low
stiffness(seenotchat edges,fig.1) reducesthepeeLlngforcespro-
ducedinthejointbybucklingof thesheetunderload.

h
tested,

DimensionsandComponents

orderto shplifythedesignationanddiscussionofthepanels
eachpanelwasassignedtwolettersofthealphhetaswellas

a nuniber.Thefirstletterspecifiesthemediumusedtofastenthe
stringerstothesheets;thatis, R standsforrivets,A, Araldite
me I adhesive,and M,Metlbondadhesive.Thesecondletterindicates
thetypeoftesttowhichthespecimenwassubjected;thatis, f stands
forflat-endcompression,p, protruding-stringercompression,and b,
bending.(Thesethreetypesoftests(fig.2)willbe describedin
subsequentsectionsofthisreport.) Thus,foreqle, panelAf-3had
stringersfastenedto thesheetwithAralditeTypeI adhesiveandwas
testedinflat-endcompression.

TheaveragedimensionsofthestringersandthepanelEaregiven
in figures1,3,and4 andintable1. PanelsAp-7,Ap-8,Ap-9,RP-10,
Rp-11.,and,Rp-12werefabricatedwiththeircenterstringersprotruding
beyondoneendofthesheet.Thecenter-to-centerdistancebetween
stringerswasnondnaldy~ inchesonallpanels.

Thepanelswereall75S-T6aluminumalloy,thesheetsbeingalclad
andthestringersbare. TheZ-stringersoftherivetedpanelswereex-
trudedfromDie~2~3 andweiwfastenedtothesheetswithuniversal-
head5/32-inch17S-T3aluminum-alloyrivets.Therivetswerespacedat
about1~-inchintervals,exceptforthetwoendrivetsoneachstringer

8
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4 NACATN 3215

whichwereeachl/2inchfromtheadjacentrivet.TheI-stringersofthe
bondedpanelswereextrudedfromDieKL3669andniodifiedby mchiningand
bondingoperationstomeetthedesignrequirementsmentionedpreviously.

TheoriginalsetofpanelsobtainedwascomprisedonlyofpanelsAf-1
toRb-18(tableI). Relativelylowstrengthsweremibsequentlyexhibited
by theAralditebondedp~els inflat-endcompressiontests.The
Consolidated-Vul.teeAircraftCorp.indicatedthatpanelsusingMetlbond
adhesiti‘mightgive.@eaterstrength.Theythereforefabricatedthree
additiondpanels;-Mf-19,Mi?-20, andlH-21,withthisadhesiveforuse
inthishivestigation.-

..-,
., - ,- ..”.

.
. . .:., .’

.-.
... .

,-, ---

Aralditebonded
panelsMf-19,Mf-20,
weretestedinsxial

i!EsTsANDRESULTS.,

Flat-EndCompression

panels’Af-1,Af-2,andAf-3,Metlbondbonded
and14f-21,andrivetedpanelsRf-4,Rf-5,andw-6
flat-endcompression(fig.2(a)). TheAraldite

bondedpanelsandtherivetedpanels‘weretestkdtofailureina
3.20,000-pound-capacityBaldwin-Southwarkl%te-kry @draulLctesting
machine.-2anelMf-19wasalsotestedinthismachinebut’didnotfail
whenthecapaci~“ofthemachiiiewasreached.Afterremovalofthe
load,-anaveragepe~ent d’~toflessthan,0.02percentremained.
ThispanelandpanelsMf-20andMf-21were:thentestedtofailureina
400,000-pound-ca&di@Tfius Olsen?@raulictestingmachine.The
testsetupforalJof%hese<panels‘wasessentiallythesameandis
showninfigures“5and6.‘. .. .1.

Theendsofthepanels-wereground’flhtandparallelwhileheldin
a jigwhichkeptthesheetsflat.A shibr type‘ofjigwasclampedupon
thepanelsbeforeinsertionbetweenthebearir@platesinthetesting
machinetoretaintheparallelismof theends. P@sterofParis(A,
fig.5)‘about1/16-inchthick-*S castbetweenthebearingplatesandthe
headsofthemachineto‘tb.keup ~ nohparalleli+mbetweenthem. The
unloadededgesofthepanelsswere’free:.’At a loadofabout750pounds
thejigwaBremoved.At 10yercentof themaximumloadthestraindistri-
butionacrossthetidthof_j’epapelswasu@formwithin10percentin
nmstcasesandwithin14percentintheworstcase,panelM-l.

. Axial- shortedngof.thepanelswasmeastiedwithtwol-inchdial
gages(B,fig,.fihaving.a leastcountof0.001inch.Thesedialgages
werefixed.totheupper-beartigplate,oneneareachverticaledgeof
thepp.nelbeingtested.Vertical&xtensionrob (C,fig.5)were
mo~te.d.betweeu,,thedialgagesanddhpledpointsin,eitherthelower
bearingplateorthe’lowerheadofthemachine.

.

..

.

.

———



NACATN 3215 5

Axialstrain”inthepanelswasmeasuredwit@SR~ wireetrain-gages.
Sixgageswere”cementedtotheindividualpanelsneareachloaded’edge,
threeon stringersandthreeon thesheet.Theseweretiedt~observe
theloaddistributionacrossthewidthof“thepanel-.Ap erraticlo&d
distributionwasobservedonpanelRf-5atabout35,000potids,sothe-
loadwasrenmved.TheplasterofPariscapswererecastandthenew
straindi-stributionwassatisfactory.Fermanentsetdue‘totheinitial
loadi&wasmeasuredandfound’tobe negligible:~ “ ~

.-
Wirestraingageswerealsoplacedat’variouslocationsatthemid-

lengthofthecenterstringerandthesheet.
.“

Figure7 isa plotofaverageaxialstressversusaverageaxial
strainforAralditebondedTanelAf-2;rivetedpanelRf~, andMetlbond
bondedpanelMf-20.Thesecurws arerepresentativeofallof thentie
panelstestedinflat-end:”compression.Averageaxialstresswastaken
astotalloaddivided-bytotalcross-sectionalarea,andaverageaxial
strainwascomputedfromtherea~”gsofthedialgagesandthemeas-
uredlengthsofthepanels.Theslopesofthecurvesaresubstantially
thesameforallthree@els andexhibitanaverageeffectivemodulus
ofabout9 x 106’psi.Thelowvalueofthemodulus.”detemnined”inthls
wayisbelievedduetothefactt~t thedial‘gages,’beingmountedon
thebearingplate,indicatedgreatershorteningthanactuallyoccurred’
inthepanel.

Thedistributionofthe”panelloadbetweenstringersandsheetwas
computedfromstrain-gagereadingsat themidlengthofthe”center”str-inger
Itwasassumedthatthestrainineach.stringervariedlinearlywithdis-
tancefromthesheet..Thiswasshowninreference6 toholduntil
stringerinstabilityoccurred.It-wasfurtherassumedthatthetotal
stringerloadequaledfivetimesthecenterstringerload.Thisis
reasonablyjustifiedby thefactthattiestraindistribu~ion~aOSS
thefivestringerswa’s@form witl& 15percent@ tofailure.The
loadcarriedbythecenterstringerwascomputednomthe strtcinat-its”.. .
centroid,a modulusofelasticityof10.3x 106psi,anditscross. .
sectionalarea.:

......
Stringerloads’asfunctionsoftotallod’aregiveninfig&e 8 for

AralditebondedpanelsAf-2andAf-3,infigure9 forrivetedpanelsRf-k
andH-6, andinfigure.loforMetlbondbondedpanelsl&’-19,.l&-2O,and
Mf-21.Thedifferenceinabscissasbetweenstripgerload.andtheplotted
totalloadlinegivesthesheetload. Ihsuf’ficientstraingageswere
employedonpanels,Af-1andRf-5to-computetheloaddistribution.

Itcanbe seenthat”the.load-h.thepanelswasina~eement&th -
theassumptionof,auniformstressdistribution,beforebu@Qing,ofthe
sheetbetweenstringersoccurred.Table2 givesthecomputedsheet

.
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6 NACATN 3215

andstringerloadsandthecomputedaveragestressesinthesemenbers
forthetotalpanelloadsatwhichsheetbucklingwasfirstobserved.
Thesheetsoftherivetedpanelsbuckledata 40 percentloweraverage
sheetstressthanthesheetsofthebondedpanels.Thisisundoubt-
edlyduetothebroaderareaof contactbetweensheetandstringersin
thebondedpanelsandtheresultinglesserwidthofunsupportedsheet.
Abovethesheetbucklingload,figures8,9,and10 indicatethatthe
effectivetidthof sheetisgreaterforthebondedpanelsthanforthe
riveted,probablyforthesamereason.Thebucklingofthesheetin
therivetedpanelsincludedinter-rivetbucklingandwasmoresevere
thaninthebondedpsmels.Figure6 showsthegeneral@pe ofbuckling
obsened. Theadditionofa secondrowofrivetsontherivetedpanels,
suchas isrequiredwithhat-sectionstringers,wouldreducetheunsup-
portedwidthof sheetbetweenrivetlinesandcouldconceivablyIncrease
thesheetbucklingstressevenabovethatobtahedwiththebondedpanels.
This,however,entailsanadditionalmanufacturingoperationanddoesnot
eliminateinter-rivetbuckling.Theuseofa smaKLerrivetpitch,how-
ever,wouldtendtoraisetheloadrequiredforinter-rivetbuckling.

Failureh theAralditebondedpanelsAf-1,Af-2,andM-3 occur-
redinthebond. TnpanelsAf-1andM-2 thisfailuretookplaceat a
loadofabout100,000poundswiththesheetexplosivelyrip@ngfreeof
thestringersandblowingotiofthetestingmachhe. Thestringers
remainedinthetestingmachineinperfecttestingposition(fig.Xl.)
andwerethentested to failure.Thisfailurewasdueto columnaction.
Thestringersbuckledina planeparallelto theoriginalphne ofthe
sheetsmdsomeofthereinforcingstripsrimed off(fig.X2).

ThebondofpanelAf-3failedata considerablylowerload
(78,000pounds)thanthoseofpanelsM-1 andAf-2. At thispointtwo-
tbirdsofthesheetrippedfree(fig.13). Furthertestingproduceda
maximmloadof 105,200poundsatwhichpointtheentiresheetripped
freeandthestringersbuckled.Examinationofthebondedsurfaces
afterfailureindicatedthattheprematurebondfailureinpanelAf-3
wasdueto inferiorfabdication.Theadhesiveonthebondedsurfaces
ofpanelsM-l andAf-2wasmoreorlessuniformandporous,whileon
panelAf-3someareashadno adhesivewhileothersshowedexcessa&he-
siveandnoporosi~. TheinferiorfabricationofpanelM-3 wasnot
evidentbeforetesting.

ThemsximumloadsandaverageultimatestressesforpanelsAf-1,
Af-2,andAf-3aregivenintable3.

Iuvetedpaneb M-4, Rf-5, andH-6 all failedbecauseoflocal
bucklingof sheetandstringersbetweenrivetsnearthemidlengthof
thepanels(fig.14). Failureoccurredatmsxbnumloadinallthree
cases.Theloadsandaveragestressesatfailurearegivenintable3.

.

.
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FailureoftheMetlbondbondedpanelsMf-19,Mf-20,andMf-21was
dueto columnbucklingofthestringersina planeparalleltotheplane
ofthesheet(fig.15)andtheconsequentdestructionofmost,butnot
all,,ofthebond. Failureoccurredatmsximumload.Themaxhnumloads
andaverageultimatestressesaregivenintable3.

Table3 showsthattheaveragestressatmximumloadisabout
30percentgreaterfortheMetlbondbondedpaels thanfortheriveted
panels.Theaveragestressat~ loadfortherivetedpanelswould,
ofcourse,be higherifithadbeenfabricatedwith.stringershavingtie
samesectionalpropertiesas thestringersofthebondedpanels,since
aftersheetbucklingthestringerscarrymostofthestress.Thestrength
ofrivetedpanelsalsodependsontiechoiceofrivetdiameterandpitch
(seeref.7).

ThegreaterstrengthoftheMetlbondbondedpanelsas comparedwith
thatoftheAralditebondedpanelsindicatesthattheuseofa stronger
adhesiveand/ora superiorbondingtechniquewillalsostrengthenbonded
panels.

ThenmdeoffailureoftheMetlbondbondedpanelsshowsthat,for
panelsoftheme tested,cleavageisnotalwaystheprimaryfactorin
determiningstrength.

Protruding-StringerCompression

AralditebondedpanelsAp-7,Ap-8,andAp-9andrivetedpanelsRP-10,
Rp-11,andRp-M wereeachtestedinaxislconrpressionwiththeload
appliedthroughtheprotrudingcenterstrtiger(fig.2(b)).Theendsof
theprotrudingstringersandtheo~ositeendsoftheindividualpanels
weregroundflatandparallel.Thesamegeneraltestsetupwasusedas
intheflat-endcompressiontestsexceptthata smallerbesri.ngplate
wasusedovertheprotrudingstringer.Thetestsetupis showninfig-
ures16and17. Thetestswererunina 120,000-pound-capaci~Baldwin-
SouthwarkTate-lhne~hydraulictestingmachine.

Thepanelsassumeddistortedshapesatlowloads,andthisdistor-
tionincreasedinintensi~up tofailure.Thelowerendsofthefour
stringerswhichwerenotdirectlyloadedliftedoffofthelowerbearing
platealthoughthebottomofthesheetremainedincontactthroughout
thetest(figs.16and17). Thestrainsinthefourindirectlyloaded
stringersandthestrainsinthesheetnearitsunloadededgeswere
relativelysmall.Theupperendofthepaneltookona bowedshape
(fig.17)althoughthelowerendremainedstraight.Nobuckltigof
thesheetbetweenstringerswasobserved.

—
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Figures18and19 givetheloadcarriedby thecenterstringerasa
.

functionof itslengthfortotalappliedloadsofapproximately1/4,1/2,
and3A ofinitialfailureload. Curveshavebeenfairedthroughthe .
pointscorrespondingtostrain-gagelocationson.thestringer.The
stringerloadateachstationwascomputedby themethodoutlinedprevi->,.
ously@* oneexception.Thestrainatthecentroidofthecenter
stringerattheloweststationwastakenas eqpaltothestrainon its
outstandingflangeat thatlevel.Thisistantamounttoassuningthat
thebendingstrainatthatlevelwasnegligible.Thebasisforthis
assumptionwasthatthetotaleccenfrici~ofloadingwasonlyabout
0.3inch.Fwthernme,thisstationwaslessthan2 inchesabovethe
bottomofthestringerwheretherewasnobendingwhateverbecauseof ‘
themannerofloading.Atbest,however,thestringerloadsshownin
figures18and19attheloweststationsareo- appro-tions.

Figures18and19 showthatatallloadsallthecenterstringers
transferredapproximatelyequalpercentagesofthea@_iedloadto the
remainderoftheirrespectivepanels.OverthefirstU ofthelength
theAralditebondedcenterstringerstransferredabout55percentofthe
appliedload.Fortherivetedcenterstringersthisvaluewas59per-
cent.Thisinticatesthatpriortofailuretheabilityto transfersx.ial
compressimloadthroughshearwasjusts~ghtlygreaterfortheriveted
constructionthanforthebondedconstruction.Thisismoreorlessas
expected,sincetherivetedstringersaccountedfora slightlysmaller
percentageofthecross-sectionalareaoftherivetedpanelsthanthe
bondedstringersdidforthebondedpanels.

BondedpanelAp-8andrivetedpsnelRp-12weretestedfirst.They
hadprotrusionsofnominally1/2inch.At 19jOO0poundsthetophalfof
thebondholdingthecenterstringertothesheetofpanelAp-8ripped.
Furthertestingproduceda max3mxmloadof25,200poundswherethebond
failedalmst completelyandthestringerbuckledina planeparallelto
thesheetbecauseof columnaction.RivetedpanelRp-12,however,failed
at14,100poundsbecauseoflocalcrushingoftheprotruiMngportionof
thecenterstringer.Sincethelattertypeoffailuredidnotoffera
goodcomparisonbetweenthetwo@_pesof Joints,theprotrusionsofthe
r-ining panelsAp-7,Ap-9,RP-10,andRp-11werecutdownto 0.1inch
inanattempttoelhdnatelocalfailuresintheprotrusions.Bonded
panelsAp-7andAp-9thenfailedsimilarlytopanelAp-8(fig.20).
Rivetedpanel@-n alsofailedsatisfactorily.At 12,~0poundsthe
toprivetsheared.FurthertestingyieUeda maximumloadof
13,400poundswherethetophalfofthecenterstringerbuckledtorsion-
* (fig.21(a)).Inspectionshowedthetopninerivetstobe sheared.
RivetedpanelRP-10,unfortunately,failedlikepanelRp-12becauseof
localcrushingintheprotrusion(fig.21(b)).

Theinitial failureloads,themaximumloads,andthestrength-
weightratiosateachofthesetwoloadsaregivenintible4. Since

.
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figures18and19 showthatfora givenappliedloadbothjointscarry
eqpalshearloads,table4 indicatesthatthe,shearstrength,inpounds,
of theAral.ditebondedjointisgreaterthanthatof therivetedjoint.
Table4 shows,further,thatthestreQ@h-weightratiosfortheriveted
andtheAralditebondedpanelsat initialfailurearenearlyequal.At
maximumload,thestrength-weightratiooftheAralditebondedpanels
isroughly20percenthigherthanthatoftherivetedpanels.

Itis interestingtonote,at thispoint,thattheshearstrength
ofthebondedjointscannotbe computedfromnominalultimate-shear-
strengthvaluessuchas thosegiveninreferences3 and5,whichsre
obtainedfromtestson jointshavingshortlaps. Thisisbecausethe
strengthofa bondedjointisnotproportionalto itsarea,butrather,
as statedinreference4, thereisan optimumdepthof lapbeyondwhich
shearstrengthisnotappreciablyincreased.

Bending

Bendingtests(fig.2(c))wereperformedonAralditebondedpanels
Ab-13,Ab-14,andAb-15andonrivetedpanels~-16, Rb-17,andRb-18.
Thetestsetupis showninfigures22 and23. Thepanelsweresimply
supportedoveran 8-inchspan,thesupportsbeingapproximately2 inches
fromtheendsofthepanel.A singleconcentratedloadwasappliedat
thecenterofthespan,withthepsmelsmountedsothatthesheetswere
compressed.Thesimplesupportwasachievedby settingthepanelsupon
knifeedgesA whichwerefreetomoveuponrollersB (fig.23). The
testswereperformedina 120,000-pound-capacityBaldwin-SouthwarkTate-
lberyl@raulictestingrmchine,andtheloadwasappliedthrougha
lmifeedgeactingupona setofloadingplatesC (fig.23)whichrested
upontheindividualpanels.Thepurposeoftheloadingplateswasto
eliminatelargelocalstressesat thepointofapplicationoftheload.
Fortherivetedpanels,thelowestoftheseloadingplateshadholes
drilledinittoprovideclearanceandroomformovementof thepro-
trudingrivetheads.PlasterofPariswascastabovetheloadinglmife
edgetoassureparallelismofthisknifeedgeandtheindividualpanels.

At lowloadstheZ-stringersoftherivetedpanelsassumedslightly
distortedshapes.!llhewebsandoutstandingflangesofthesestringers
bowedina directionparalleltotheplaneofthesheet,thefreeedges
oftheoutstandingflangesliftedoffthesupports,andthesheets
twistedsomewhat.Thelattertwoobservationsmaybe seeninfigure23.
Thesedistortionsincreasedinmagnitudewithappliedload.

Verylittlesheetbucklingwasobsenedwitheithertypeofpanel,
andwhenobserveditwasonlyatthecenterofthesheetsatloads
approachingfailure.

————. — —— ——
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DeflectionofthepanelswasmeasuredwithO.001-inchdialgages.
.

Threegageswerelocatedoneachsideofthepanelas showninfigure22.
Onedialgagewasmountedunderthecenterof eachofthetwostringers, .
anddialgagesweremountedateachendofthetwosupportstomeasure
theverticaldisplacementofthesupportsunderload. Itwasfoundthat
thesupportsdeflectedlessthan8 percentasmuchasthecenterofthe
paneldid. Thenetcenterdeflectionofthepanelwastakenasthe
averageofthecenterdisplacementsofthetwostringersminustheaver-
ageofthefoursupportdeflections.

Load-deflectioncurvesforthesix
giveninfigure24. Shplebesmtheoq

~P17=—
48EI

where d isthedeflection,P isthe

/

psmelstested’inbendingare
statesthat

load, L isthesmanofthe
beam, E isthemodulusof-elasticity,and‘I isthemom&t of
inertia.Forthepanelstestedinbending,thisrelationgivesthe

ratioP/dI= k8E/L3= ~0 ldps/(inch)5belowtheproportioriallimit.
Takingslopesfromfigure24andmomentsof inertiafromtable1, it is
foundthatforthebondedpanelsthisratioisactually480kips/(inch)5
andfortherivetedpanels370ldps/(inch)5.Obviously,neithertype
ofpanelis structurallyefficientinbendingoversucha shortspan
althoughthebondedpanelsareabout30percentmoresothantheriveted
panels.Thelowobservedflexuralrigiditiesofthepanelswereprobably
dueinpartto shearlaginthesheetsandinpartto sheardeflections ,.
ofthestringerwebs. Thegreaterwidthofunsuppotiedsheetinthe
rivetedpanelsprobablycauseda greateramountof shearlagthaninthe
bondedpanels.TheobseneddistortionsoftheZ-stringersmayalsohave
causeda reductionofthestiffnessoftherivetedpanels.Slipinthe
rivetedjointsanddeformationinthebondedjointsprobablyincreased
thedeflectionsdueto shear.

Strainwasmeasuredat severallocationsontheindividualpanels
withSR-4wirestraingages.h figures25and26aregivenseveral
load-straincurvesfora representativeJrmlditebondedpanelanda
representativerivetedpanel,respectively.Themaximumbendingstrain,
locatedatthecenteroftheoutstandingflangesofthestringers,is
seentobe I.ineuwithloadup toytelding,afterwhichit increases
greatlywithlittleincreaseinload. Thestrainofthesheetsis also

seentobe linearwithloadupuntilhighloads,afterwhichitshowsa
decreasewithincreasedload. Thisdecreaseisprobablyattributable
to either(1)yieldinginthejointsdueto shearandtheconsequent
reductionoftheamountofflexurestresstransmittedtothesheetsor
(2)movementoftheneutralplanesofthepanelstowardthesheetsdue -
totheyieldingoftheoutstandingflangesofthestringers.It iS
notdefinitelyapparentwhichyifeither,ofthesepossibilitieswasthe
actualcause. .
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Straingages10andU, figures25and26, measuredthevertical
strainsonthewebsofthestringersdirectlybelowtheappliedload.
Thesestrainsareseentobe linearwithloadup tohighloadswhere
theyshowedslightdeparturesfromlinearity.Thesedeparturesfrom
linearityareattributedtotheobservedbendingofthewebs.

Failureofallpanelswasduetobucklingofbothstringerwebs
directlyundertheappliedload,despitethefactthattheoutstanding
stringerflangeshadbeenstressedfsrbeyondtheelasticlimit.With
panelsAb-13,Ab-15,~-16, andRb-.l8,thisbucklingincreasedat essen-
tiallyconstantloaduntilfractureofthewebsoccurred.Representa-
tivefailuresareshowninfigure27. WithpanelsAb-14andRb-17no
fractureswereobtainedbecausethetestsetupcollapsedfromexcessive
nmvementofthesupportscausedby thesuddenbucklingofthewebsand
theaccompmyingdeflectionandshorteningofthepanels.Hence,while
nofracturewasobtainedinthesetwotests,themaxhumloadsrecorded
areundotiteUyveryclosetotheactualmaxhmnuloadsandMy be safely
consideredas such. k thetestofpanelRb-16,tworivetsfailedin
shearduringthefewsecondsthatelapsedbetweenthestartofbuckling
andthefractureofthewebs.

Themsximumloadsofallsixpanelsaregivenintable5. Since
thefracturesoccurredinthestringersratherthaninthejoints,these
valuesdonetpresenta meansof comparingthestrengthsofthetwotypes
of jointsin shearduetobending.Oneconclusionthatmaybe drawn,
however,isthatboththerivetedandthebondedjointsaresufficiently
strongin shearduetobending,sincefailureoccurredelsewhereinthe
panels.Theimportanceof thisconclusionbecomesapparentwhenitis
recognizedthatsheet-stringerconstructionisnotgenerallymibjected
toflexuresosevereas thatwhichwasappliedinthesetests.

DISCUSSION

Theresultsobtainedinthetestsperformeddonotindicateany
universalsuperiori~of onetypeof constructionovertheother.
Rather,theyshowthatthepropertiesofbothtypesareofthesame
generalorderofmagnitude.Ina comparisonbetweentwospecific
panels,onebondedandtheotherriveted,a detailedexaminationof
thegeometryofthetwoaswellas oftherivetingandbondinginvolved
wouldbe necessarybeforea choiceonthebasisofmechanicalproperties
couldbe made.

Theprimaryadvantageofbondedsheet-stringerpanelsoverconven-
tionalonesusingonelineofrivetsperstringerliesintheincreased
sheetstabili~thatisobtainedbybonding.A symmetricalstringer
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canbe employed,andthebroadareaofattachmentbetweensheetand
stringersreducestheunsupportedwidthof sheet,thusraisingtheload
necessarytoproducebucklingofthesheetbetweenstringers.After
thisbucklingdoesoccur,thebroadareaofattachmentbetweensheet
andstringersprovidesa greatereffectivewidthof sheet.Inaddition,
inter-rivetbucklingis el~ted andstressconcentrationsnearthe
rivetheadsforbucklingbetweenstringerssrealsoeliminated.Some
evidencewasobtainedintheprotrudingstringerteststhatthebonded
jointshadgreatershearstrengththantherivetedjoints,butthis
conditionwouldundoubtedlyvarywiththedimensionsandthetechniques
offabricationofanyparticularbondedandrivetedjointsbeingcompared.

Amatterofprimaryconcernintheaircraftindustryiswithregard
topossiblescatterof strengthobtainablewithbondedconstruction.
WiththeexceptionofpanelAf-3, whichwasfoundaftertestingtohave
beenpoorlyfabricated,thescatterofdataforeachof thetwo~es of
bondedpanelswasaboutthesameas thatobtainedfortherivetedpanels.

TWOspecificresultsobtainedfromthetestsonbondedpanelsseem
worthstressing.Ilrst,thetestsoftheMetlbondbondedpanelsindi-
catedthatwithproperdesignandfabricationcleavagemaynotbe the
primaryfactorgoverningthestrengthof sheet-stringerpanels.Second,
thetestsofthebondedbendspecimensshowedthatthebondedjoints,
liketherivetedones,werestrongenoughtohavesufferedahnostno
visibledamageunderhighbendingloadswhicheventuallycausedfracture
ofthewebsofthestringers.

Theprimarydisadvantageofbondedsheet-stringerpanelsseemsto
be inthemodeoffailureinflat-endcompression.Whennmdmumloadwas
reached,thebondedpanelsexperiencedalmostcompletedestructionwithno
warningsignsotherthana fewpreliminarycrackingnoises.Thefailure
oftherivetedpanels,ontheotherhand,wasconfinedtolocalbuckling
of sheetandstringersbetweenrivets

CONCLUDING

nearthemid-lengthofthepanels.

Statictestswereperformedonrivetedandbondedsheet-stringer
panelsatroomtemperature.Theresultsofthesetestsindicatethat
thestaticstren@hpropertiesofboth@es of constructionarecompa-
rable.Thestabili~ofthesheetisgreaterforthebondedpanels.
Theabili~to spreada concentratedloadisaboutthesameforboth
therivetedandthebondedpanels.Thetendencytowardwidespreadsepa-
rationof sheetandstringersatfailureofthebondedpanelswouldmake
themlessdesirablein certainapplications.Theprematurefailureof .

.— .— ——.—
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onebondedpanelduetofaultybondingindicatesa needforspecialpre-
cautionsinthefabricationtechniquewhensuchfailurescannotbe
tolerated.

NationalBureauofStandards,

1.

2.

3.

4.

5.

6.

7.

Washington,D. C.,April21, 1953.
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TABLE1.- DIMENSIONSOFPAWIS

CrosBEkction

Ihrmberof Length,Width, Sheet Weight, Le@h Of

p-l w stringers in. b. tbiclmese, lb protrusion,~mahof
ha of MolQentof

fn. in. -l? inertiaof

strfnger,Sq in. Xwld,
(a) Sq In. in.

Af-1 x 5 17.93 15.33 0.0510 5.06 0 0.40 2.80 1.33
M-2 x 5 17.85 15.35 .0510 5.04 0 .h 2.80 1.33
Af-3 x 5 17.98 15.33 .0505 5.3-0 0 .40 2.&1 1.33
Re-4 y 17.99 15.05 .0XX3 3.52 0 .23 1.93 .n’
M-5 y z 18.00 15.04 .0505 3.52 0 .23 1.9 .n’
H-6 y .0506

; <;:2 ;;:%
3.52 0 .23 1.93

&p--(x .0511 5.18 .10
%’7.96 15.50

.40 2.E!O 1::
Ap-8 x 5

%7.96 15.35
.0504 5.10 .47 .40 2.80 1.33

AP-9 x 5
y8.: 15.05

.0505 5.22 .10 .44) 2.E!O
Rp-loy

1.33
5 .0% 3.54 .10 .23 1.90 .n

Rp-11y 15.06 .0% 3.53 .10 .23
z %7:8g

1.%)
Rp-12y 15.02 .0504 .48 .23 1.93 :E
Ab.13x 2 L2.42 4.76 .04g8 ?:g o .40 1.05
Ab-14x 2 1.2.40 4.77 .0504 1.9 0 1.05 :$
Ab-15x 2 X2.38 4.76 .0514 1.31 0 :E 1.05 ●5Q
Rb-tiy 2 12.39 4.3!3 .0504 .86 0 .23 .68 .26
Rb-17y 2 12.37 ;.;; .0X4 .x o .23 .68 .26
Rb-18y 12.39 .0503 0 .23 .68 .26
Mf-19 z ; 18.18 16:02 .05U. 4:3 0 .35 2.54 1.13
Me-m z 17.91 16.02 .0504 4.84 0 .35 2.56 1.13
Mf-2’Lz ; 18.17 l_6.02 .051J_4.93 0 .35 2.56 1.13

a
x, stringershownin figure1; fastenedwith Araldite
y, atrlngershownin figure3;fastenedwith rivets
z, atrlngershownb figure4;fastenedwith MMMnd.

%Ot f.rlcluaingXmotrmiom .

I
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Panel

Af-1
Af-2
Af-3
Average
(~Ar~e

Rf-4
W-5
x -6
Average
(riveted)

M-19
Mf-20
m-a
Average
(~Met~d

mYBLE2.-BUCKLU?GOFSHEETIETWEENSCRINGERS

IN FLAT-ENDCOMPRESSIONTESTS

Observed
totalload

lb

~,ooo
68,000
67,000

23,000
18,000
27,000

56,000
58,000
59,000

psi

26,100
24,300
23,900
2J+,tkm

u?,100
9,470

14,2ci)
u.,900

21,900
22,700
23,m
22,600

Computed
stringerload

lb

(a)
51,4Q0
49,900

13,800
(a)

16,300

36,700
39,m
40,gCxl

psi

(a)
25,409
24,700
25,coo

X2,200
$L

13;m

a, 100
22,900
23,m
22,500

Computed
sheetload

lb

J31m

17:100

9,200
(a)

10,700

19,300
18,2CQ
18,100

psi

(a)
a,300
a, 900
a, 6mI

u, 900
(a)

13,90’0
12,900

23,600
Z2,200
22,100
z,600

%ot cmputedbecauseofinsufficientstraingsgesonpanels.

———.—— -—~–’



—

16 NACATN3215
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m 3.- FKCLUREOFFLAT-ENDCOMPRESSIONPANELS

Average

Panel load,
ultimate

lb stress,
psi

Af-1 104,600 37,MO
Af-2 101,800 36,MO
Af-3 %05,2CQ a37,600
Average 103,m
(%~d~e

37,10Q

Rf-4 82,700 43,500
Rf-5 84,700 ,44,600
Rf-6 84,100 44,200
Average 83,8Q0 41,000
(riveted)

Mf-19 140,000 54,800
Me-m 134,000 52,kQ
w-a 142,000 55,600
Average 139,000 54,PO
(Metlbond
bonded)

%itial failurewasat78,000lb or~,900psi.

————. ... .—
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TAELE4.- FAILUREOFPROTRUDINGSTRINGERPANELS

Panel

AY-T
Ap-8
AP-9
Average
(bonded)

It&lo
R-p-n.
Rp-12
Average
(riveted)

lhitial failurea I Maximumload

Load, Strength/ Load, Strength/
lb weight, lb weight,

kips/lb kips/lb

16,000 3.09 23,w 4.54
19,000 3*73 25,200 ;.::
19,100 3.73 26,koo
18,00Q 3.52 25,000 4:88

None None b15,7W 4.44
12,Tcm 3.54 13,400

%4,100
3.80

None None 4.03
12,5C0 3.54 14,400 4.09

asheangof joint.
bIacalfailureinprotrusion.

—.—. — -— — —— ..—
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0
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TABLE5.- FAIXUREOFPANELSINlXETIDINGTESTS

Panel load,
lb

Ab-13 24,OQO
Ab-14 27,900
Ab-15 26,200
Average
(bonded)

26,000

m-16 13,400
Rb-17 13,700
Rb-18 14,300
Average 13,eoo
(riveted)
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rq=::;-j“ Reinforcing strip

~-’: ‘}<

.13

.[0 Bondedjoint

Outstanding flange

1.64
.096

1.32

. ,& .:

Web

Bonded
joint

Sheet
~ ~.,o

Attached flange

Figure1.-Averagecross-sectionalMmensionsofstringersofAraldite
bondedpsmelsAf-ljM-2,M-3} AP-7jAP-8~A.P-9YAb-13Y~-14Y ~d
Ab-15.Alldimensionsareininches.
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L
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-r

L

-T-

L

T

(a) Axial flat-endcomprei3sio?l.

T -f-

,

T T

(b)Axialprotruding-stringercompression.

t I
(c) Bending.

Figure2.-Schematicrepresentationoftestsperformed.
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Outstanding flange

“75 / i

.10 *
T

Free edge of
outstanding flang

- -.070

1.49

1.32 Web
I

1- . t
Rivet

E
[

.3A .0;2

T
Sheet

1- ~,.81
Attached flange

Figure 3.- Averagecross-sectionalUIM’?neionEof w&’ingeraof riveted
panelsH-4, M-5, M-6, FTMO, FWU, ~-M.) Rb-16, RtJ-I_7, and w-18.
All dimension me in inches.



m’”nded’oin
1.59

I 2

I

~ Outstanding flange

I

–,090

Bonded joint=
a I 1

\ 1

Sheet TI 1-.74 \ { IT?

—Web

+4p- ‘~ p

L Attached flange

Figure 4.- Averagecross-sectionalddmemsionsof stringersof Metlbond
bondedpanelsH-19, Mf-20,ad Mf-21. AM Mmmsions are h inches.
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JII

L-83294
Figure~.-l&ontviewof @al flat-endcompressiontestofAraldite-- “

bondedpanelAf-2at3,000-poundload.
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L-83295JWW.R6.- RCWV_kwof =a flat-endcompressiontestofrive%dpanelM-6

at56,000-p~ load.
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A

A

*O

J’.“

%%’ Panel
a Af-2
0 Rf-4
b Mf-20

“o .002
Average axial

Figure7.- Averageaxialstressversus
tativepanelsAf-2,l?f~jandMf-20
L isthelengthofthepanel.

.004 .006 .008
strain, A L/L

averageaxialstrainforrepresen-
insxialflat-endcompression.
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0
0

/0
/ 0 /

/ ‘b
/ 0 ,.O

Sheetbuckling_

/o
A

/ o

/
/

/’

——— Stringer load assuming uniform
stress distribution in panel.

J

Panel
O /4+-2
A A+3

Hgure 8.-

20 40 60 80 100

Axial load, kips

Stringerloadas a functionoftotalloadforAralditebonded
panelsAf-2andAf’-3inaxialflat-endcompression.
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100

80

(nQ.-

.

-rShe~t buckling—.
-+

#
# ——— Stringer load assuming uniform

$ stress distribution in panel.

n I I I I J
“o 20

Figure9.- StrMger load asa
Rf~ andRf-6in

40 60 80 100

Axial load, kips

functionoftotalloadforrivetedpanels
axialflat-endcompression.
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L-83296

~i~e KL.- AralditebondedpanelM-2 aftersheetrip@ free of striwers
at 101,&20-poundbaa in - flat-eticmwession.
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L-83297
Figme 12.-Stringerssnd reinforcingstripsof AreldttebondedpanelM~2- “

afterfailurein sxisl.flat-endcvession.
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MetlbondbondedpanelM-21 afterfailure
loadin-al flat-endco~ession.
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at142,000-pound
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L-83301
Figure16.- RivetedpanelRp-11at10,000-poundloadinaxialcenter-

stringercompressiontest.
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L-83302
Figure17.- AralditebondedpanelAp-9at14,750-poundlbtiinaxial

center-stringercompression-test.
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9

.

Total applied load, kips

Panel
oRp-JO
n Rp-1I
ARp-12

3 6 9 12 15 18

Distancefromprotrudingend ofpanel,in.

Figure19.- Center-stringerloadasa functionofitslengthfor
rivetedpanelsRp-10,Rp-11,andRp-12atapproximatelyone-
fourth,one-half,andthree-fourthsofinitialfailureload.
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.

.

.

Figure20.- Aralditebonded
stringer

panelAp-7aftercolum
at23,500-poundload.

.

L-83303 “
failureofcenter



(a)RivetedpanelRp-IL aftertor.
L-8330L

(’b)Rivetedpanel RP.1O afterlocal
sionalbucklingfail-weof cater cruabingfailurein ~otruaion
stringerat 13,400-pound lead. of centerstringerat 15,700-pound

lW .

.!3

Figure21.- Riwted protruding-dmingerpanelsafterfailure.



L-83305
Figure22.- Araldi.tebondedpenelAb-14 at 8,700-poundload In bending

test.
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L-83306
Figure23.- RivetedpanelRb-18at10,000-poundloadinbendingtest

withdialgagesremoved.
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Figwe 24.-Loail-cleflectioncurvesforAraldltebondedpanelsM-13,
Ab-14,andAb-1~, and rivetedpanels-16, ~-lT, and Rb-18 in
bendingteBta.
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Figure25.-Lmd-straim curvesforAralAitebondedpanelAb-14 in
bendtngteat. &
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